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Inspired by the e ciency of the brain, CMOS-based neural architectures 3 and memristors 4, 5 are being developed for pattern recognition and machine learning. However, the volatility, design complexity and high supply voltages for CMOS architectures, and the stochastic and energy-costly switching of memristors complicate the path to achieve the interconnectivity, information density, and energy e ciency of the brain using either approach. Here we describe an electrochemical neuromorphic organic device (ENODe) operating with a fundamentally di erent mechanism from existing memristors. ENODe switches at low voltage and energy (<10 pJ for 10 3 µm 2 devices), displays >500 distinct, non-volatile conductance states within a ∼1 V range, and achieves high classification accuracy when implemented in neural network simulations. Plastic ENODes are also fabricated on flexible substrates enabling the integration of neuromorphic functionality in stretchable electronic systems 6, 7 . Mechanical flexibility makes ENODes compatible with three-dimensional architectures, opening a path towards extreme interconnectivity comparable to the human brain.
Two-terminal memristors based on filament-forming metal oxides (FFMOs) or phase change memory (PCM) materials have recently been demonstrated to function as non-volatile memory that can emulate neuronal and synaptic functions such as long-term potentiation (LTP), short-term potentiation (STP), and spike timing dependent plasticity (STDP) 4, 5 . Crossbar architectures based on these devices have been projected to reduce energy costs for neural algorithms by six orders of magnitude, and recently performed image recognition and data classification when utilized as highly parallel neuromorphic processing units 8, 9 . However, despite recent progress in the fabrication of device arrays, to date no architecture has been shown to operate with the projected energy efficiency while maintaining high accuracy. A major impediment still exists at the device level; specifically, a resistive memory device has not yet been demonstrated with adequate electrical characteristics to fully realize the efficiency and performance gains of a neural architecture. State-of-the-art memristors suffer from excessive write noise 10 , write nonlinearities 8 and high write voltages and currents 11 . Reducing the noise and lowering the switching voltage significantly below 0.3 V (∼10 kT) in a two-terminal device without compromising long-term data retention has proven difficult 12 . These limitations reduce the accuracy and scalability of FFMO and PCM memristors and pose challenges for these devices to approach the energy efficiency of the brain 8 .
Recognizing that different switching mechanisms may be beneficial, organic memristive devices have been recently proposed [13] [14] [15] . Besides low-cost manufacturing and flexibility inherent to soft materials, organic devices could also benefit from low-power consumption, added functionality, and biocompatibility. They could act as biometric sensors and direct interfaces with the brain 16, 17 , opening up the tantalizing opportunity to build advanced neural prostheses comprising integrated brain-machine interfaces that combine neural sensing with training 18 . However, the operation of these organic memristors relies either on the slow kinetics of ion diffusion through a polymer to retain their states or on charge storage in metal nanoparticles, which inherently limits performance and stability.
In contrast, the operation of ENODe is based on the non-volatile control of the conductivity of an organic mixed ionic/electronic conductor as depicted in Fig. 1 . ENODe is essentially similar to a concentration battery. During the 'read' operation, the cell is disconnected and the electronic charge of the electrodes remains unaltered by virtue of an ion conducting/electron blocking electrolyte. The charge in the electrodes is manipulated during the 'write' operation. Hence, ENODe is a type of non-volatile redox cell (NVRC) in which the state of charge determines the electronic conductivity 19 . The main advantage of NVRCs is that the barrier for state retention is decoupled from the barrier for changing states, allowing for the extremely low switching voltages while maintaining non-volatility (Fig. 1c) .
To demonstrate this concept, we use a poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) film partially reduced with poly(ethylenimine) (PEI) (see Methods). The threeterminal device architecture comprises the postsynaptic electrode, a PEI/PEDOT:PSS film, interfaced with a PEDOT:PSS presynaptic electrode via an electrolyte (Fig. 1a) . Upon applying a positive presynaptic potential V pre to the PEDOT:PSS electrode, cations flow from the presynaptic electrode into the postsynaptic electrode through the electrolyte, resulting in protonation of the PEI, while electrons flow through the external circuit. This causes holes to be removed from the PEDOT backbone in the postsynaptic electrode, thereby reducing its electronic conductivity while ensuring electroneutrality in the electrode (Fig. 1b) . The reaction is reversed upon applying a negative V pre . While enabling current continuity by ion transport, the electrolyte also acts as a barrier for electronic charge transport, maintaining the electrode conductance state after the presynaptic potential is applied. PEI stabilizes the neutral form of the PEDOT in the PEDOT:PSS/PEI electrode, ensuring that the oxidation state of the postsynaptic electrode is retained 20 . The conductance states are monitored using a postsynaptic potential V post . As such, the conductance of the PEDOT:PSS/PEI channel represents the synaptic weight of the connection between two neurons 21 , an essential property of an artificial synapse.
We show that ENODe exhibits some of the synaptic functions that are the building blocks of neuromorphic computing. To demonstrate the extremely high density of non-volatile states available for computation, a series of 500 pulses are applied (see Methods and Supplementary Information), resulting in 500 distinct conductance states (Fig. 2a) . In addition to driving it with V pre , ENODe can be operated by injecting a presynaptic current pulse (Fig. 2b) exhibiting a nearly perfect linear behaviour. We cycled ENODe between two distinct states over 300 times using 10 mV potentiation and depotentiation pulses, demonstrating extremely low noise ( Supplementary Fig. 1) (<1%) , which enables the definition of a large number of states in a small voltage range. The postsynaptic state is programmed by varying the amplitude or the duration of the presynaptic pulse. The conductance change, G, is a linear function of presynaptic pulse amplitude and duration ( Fig. 2d,e) , down to approximately millisecond timescales (see inset). Below 6 ms (>166 Hz) the potentiation is only short term ( Supplementary Fig. 3 ). This timescale is consistent with a diffusion time constant, τ ∼ L 2 /D of ∼10 ms, estimated using a previously measured charge carrier diffusivity in PEDOT:PSS of
and an electrode thickness of ∼100 nm (ref. 22) .
Reducing the channel thickness will reduce the diffusion distance and improve the time response. As sub-threshold potentiation in neurons is associated with STP and paired pulse facilitation (PPF), this functionality is also established in ENODe ( Fig. 2c and Supplementary Fig. 2) . Interestingly, the PPF demonstrated in Fig. 2c exhibits two characteristic timescales, τ 1 = 14 ms and τ 2 = 240 ms, approximately equal to those measured in biological synapses 23 . Additional bio-inspired functionality such as STDP can be achieved using overlapping pulse design (see Supplementary  Information) . Although STP is capacitive in nature, applying many short pulses results in LTP ( Supplementary Fig. 3 ), a behaviour emulating short-term to long-term potentiation found in nature 24 . Size and geometry not only dictate operating speed, but also define switching energy. To highlight the path towards ultralowenergy switching of ENODe, power dissipation was measured in devices with areas spanning five orders of magnitude (see Fig. 2f ).
The power dissipated is determined by P = I × V , and the energy is calculated by integration over the pulse width ( Supplementary  Fig. 4a ). The switching energy of our smallest device was measured to be ∼10 pJ, which is comparable to state-of-the-art PCMs that are over three orders of magnitude smaller, demonstrating the particularly low switching energy density of ENODe
25
. Since current scales with area whereas the voltage, determined by the electrochemical overpotential at the polymer/electrolyte interface, remains approximately constant, the switching energy is proportional to the electrode area, with a slope of 390 ± 10 pJ mm −2 (Fig. 2f) . Thus, we project an energy cost of 35 aJ for switching a 0.3 × 0.3 µm device, which can be fabricated by photolithography 26 . Downscaling of ENODe will also require that more resistive PEDOT:PSS formulations be used. We demonstrated using such formulations to fabricate devices with conductances ranging over three orders of magnitude (see Supplementary Information and Supplementary  Figs 5,6 ). The energy advantage of ENODe is further enhanced by the low switching voltage (∼0.5 mV), which greatly reduces the interconnect capacitive loss in arrays and is ∼×10 3 lower than the 'write' voltage for a typical memristor.
Taking advantage of processing techniques developed for commodity polymers, we fabricated an all solid-state plastic device. Nafion was used as the electrolyte, laminated between two flexible PEDOT:PSS films coated on polyethylene terephthalate (PET) sheets and permeated with PEI (Fig. 3) . This all-plastic device proves the potential for low-cost fabrication of flexible ENODe arrays, which would enable the integration of on-board neuromorphic computing and learning in implantable prosthetics, neural electrode arrays or any other flexible large-area electronic system 17 . Furthermore, bending and folding of arrays may enable three-dimensional densely connected neuromorphic devices.
As a first simple demonstration of functionality, we integrated ENODe in a circuit that emulates Pavlovian learning 27 ( Fig. 4a and Supplementary Information). The output neuron N3 (salivation) is triggered by the input neuron N1 (sight of food, panel 1) but initially not by neuron N2 (bell ringing, panel 2). The synaptic weight of ENODe (S2) is modified during learning, thereby permanently associating N2 to N1 (panel 3). The learning process resulted in a response at N3 (salivation), to the input N2 (bell ringing), successfully demonstrating associative memory of our artificial synapse (panel 4).
Further, to fully illustrate the power of the low noise and linearly programmable conductance states of ENODe, we simulated a neural network based upon its experimentally measured properties (see Supplementary Information). We simulated a three-layer network for training with back-propagation of three data sets: an 8 × 8 pixel image version of handwritten digits 28 ; MNIST, a 28 × 28 pixel version of handwritten digits 29 ; and a Sandia file classification data set 30 . Back-propagation is a well-studied method that provides benchmarking with the data sets we used 8 . The numerical weights in the network layer were mapped directly onto the experimental device conductance states (Fig. 2a) that are extracted from ∼15,000 experimentally measured states. Training a neural network using ENODe gives an accuracy between 93% and 97%, and is always within 2% of the ideal floating-pointbased neural network performance, which is the theoretical limit for this algorithm (Fig. 4d-f) . Using a similar algorithm on PCM devices previously yielded far lower classification accuracies 8 . The key to this exceptional performance is the linearity and low noise of ENODe (Fig. 2d,e) , allowing extremely efficient analog tuning 31 .
In contrast, the physics of switching PCMs and FFMOs imposes inherently nonlinear device characteristics as it relies on random nucleation events (PCM) or on modulating a tunnel barrier over a narrow region (FFMO) 8, 10 . Analog tuning and extremely low switching voltages are consistent with the inherently fast and low-energy process of ion transport into a swollen polymer, requiring only a small electrochemical overpotential 32 . We compared the composition of the pre-and postsynaptic electrodes before and after operation in liquid electrolyte (KCl) using X-ray photoelectron spectroscopy (XPS) and propose that cations from the supporting electrolyte The mechanism, which differs fundamentally from that of organic neuromorphic devices reported to date, explains the origin of the non-volatile nature of the conductance states of our device 13, 14 . Electroneutrality in the device imposes that any charging caused by biasing the presynaptic electrode is balanced by an equal doping/dedoping in the postsynaptic electrode, resulting in a continuous analog tuning of the ENODe conductivity. Upon programming the device to a specific state, the presynaptic PEDOT:PSS electrode and the postsynaptic PEDOT:PSS/PEI film are at different potentials caused by the different PEDOT + concentration. Once programmed, the electrodes are disconnected from sources of charge and have no direct electrical connection to each other either since the electrolyte is not an electrical conductor. Although random diffusion of a cation into the electrolyte could cause the erasing of a state, such a process would leave an uncompensated anion in the film. The stable, nonvolatile states originate from the extremely large electrostatic barrier that the uncompensated anion would impose, typically observed in battery electrodes without connection to a load. State stability is indeed clearly established in retention measurements, showing a 0.04% standard deviation in conductance measured over 25 h (See Supplementary Information) .
Interestingly, the working mechanism of ENODEs is reminiscent of that of natural synapses, where neurotransmitters diffuse through the cleft, inducing depolarization due to ion penetration in the postsynaptic neuron. In contrast, other memristive devices switch by melting materials at relatively high temperatures (PCMs) or by voltage-induced breakdown/filament formation and ion diffusion in dense oxide layers (FFMOs).
In conclusion, we demonstrate a new organic electronic device made with inexpensive and commercially available plastic materials that behaves as an artificial synapse. Our artificial synapse exhibits a large number of non-volatile and reproducible states (>500) and operates at very low voltages. We determined experimentally that our artificial synapse switches with low energy density and we project that just ∼35 aJ is sufficient to switch a sub-micron device, a number smaller than that of biological synapses. Circuit simulations show that networks based on these synapses perform near the theoretical limit. The polymeric nature of the synapse opens up a range of novel applications where biological integration, flexibility and low cost provide unique opportunities for the adoption of these devices.
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